Monoamines and neuropeptides interact to modulate behavioral plasticity in both vertebrates and invertebrates. In Caenorhabditis elegans behavioral state or "mood" is dependent on food availability and is translated by both monoaminergic and peptidergic signaling in the fine-tuning of most behaviors. In the present study, we have examined the interaction of monoamines and peptides on C. elegans aversive behavior mediated by a pair of polymodal, nociceptive, ASH sensory neurons. Food or serotonin sensitize the ASHs and stimulate aversive responses through a pathway requiring the release of nlp-3-encoded neuropeptides from the ASHs. Peptides encoded by nlp-3 appear to stimulate ASH-mediated aversive behavior through the neuropeptide receptor-17 (NPR-17) receptor. nlp-3-and npr-17-null animals exhibit identical phenotypes and animals overexpressing either nlp-3 or npr-17 exhibit elevated aversive responses off food that are absent when nlp-3 or npr-17 are overexpressed in npr-17-or nlp-3-null animals, respectively. ASH-mediated aversive responses are increased by activating either G␣ q or G␣ s in the ASHs, with G␣ s signaling specifically stimulating the release of nlp-3-encoded peptides. In contrast, octopamine appears to inhibit 5-HT stimulation by activating G␣ o signaling in the ASHs that, in turn, inhibits both G␣ s and G␣ q signaling and the release of nlp-3-encoded peptides. These results demonstrate that serotonin and octopamine reversibly modulate the activity of the ASHs, and highlight the utility of the C. elegans model for defining interactions between monoamines and peptides in individual neurons of complex sensory-mediated circuits.
Introduction
Mood disorders, such as depression, are among the most common mental illnesses and are often treated with drugs that elevate monoamine levels, leading to the "monoamine hypothesis" of depression. In addition, other signaling cascades, including those mediated by peptides, are also important (Lanni et al., 2009) . For example, substance P, neurokinin A, corticotropin-releasing factor, neuropeptide Y, and galanin have been identified as possible candidates for antidepressant development. However, given the complexity of the vertebrate nervous system, a mechanistic understanding of monoaminergic/peptidergic interactions has been limited, encouraging the development of invertebrate model systems (Nässel et al., 2008) . Caenorhabditis elegans has only 302 neurons and the well defined neuronal pathways modulating its sensory-mediated locomotory behaviors are excellent models to examine monoaminergic/peptidergic interactions in the modulation of individual neurons or neuronal circuits. Importantly, most C. elegans monoamine receptors are at least partially characterized and most have clear orthologs in mammals (Chase and Koelle, 2007; Komuniecki et al., 2004) .
In C. elegans, the polymodal, nociceptive ASH sensory neurons are essential for avoidance responses to a variety of sensory cues, with the ASH-mediated circuit proposed as a model for pain sensation in mammals (Kaplan and Horvitz, 1993; Bargmann and Kaplan, 1998; Sambongi et al., 1999; Hilliard et al., 2004; Walker et al., 2009 ). However, although we have a rudimentary knowledge of ASH activation; for example, a transient receptor potential vanilloid (TRPV) channel contributes to ASHmediated aversive responses; little is known about how behavioral state modifies this sensory machinery (Tobin et al., 2002) . In C. elegans, behavioral state or "mood" is defined largely by the availability of food and is translated by both monoaminergic and peptidergic signaling in the modulation of key behaviors. For example, serotonin (5-HT) stimulates feeding, egg-laying and complex behaviors, including chemosensation and aversive learning. In contrast, tyramine (TA) and octopamine (OA), the invertebrate equivalents of epinephrine and norepinephrine, independently oppose the actions of 5-HT (Alkema et al., 2005; Wragg et al., 2007; Pirri et al., 2009) . Monoamines also modulate sensory-mediated locomotory behaviors. For example, ASHmediated aversive responses are stimulated by food/5-HT and inhibited by TA/OA (Wragg et al., 2007; Harris et al., 2009 ). Three different 5-HT receptors, operating at different levels within the ASH-mediated circuit, are each essential for seroto-nergic stimulation (Harris et al., 2009) . Similarly, the C. elegans genome encodes Ͼ200 neuropeptides and 50 peptide receptors, many with putative orthologs in mammals, but our knowledge of how individual peptides contribute to "mood," modulate individual neurons or alter behavior also is limited (Li and Kim, 2008) .
In the present study, we identified the G-protein signaling pathways involved in the monoaminergic modulation of the ASHs and have demonstrated that neuropeptides encoded by nlp-3 are essential for the serotonergic stimulation of the ASHmediated locomotory circuit. 5-HT and OA antagonistically modulate the activity state of the ASHs. These results highlight the utility of the C. elegans model for study of monoaminergic/ peptidergic interactions in individual neurons of complex, sensory-mediated circuits.
Materials and Methods
Materials. All reagents were purchased from Sigma Aldrich. DMEM was purchased from Media-Tech, neurochemicals from Sigma-Aldrich, restriction enzymes from New England Biolabs and Promega, and oligonucleotide primers from Integrated DNA Technologies. A C. elegans cDNA pool was purchased from OriGene Technologies, and additional cDNA pools were constructed from mixed stage mRNA using standard techniques. Green fluorescent protein (GFP) expression vectors were obtained from Andy Fire (Stanford School of Medicine).
Culture and maintenance of strains. The N2 Bristol WT isolate of C. elegans was used for all studies. All animals were raised at 20°C under uncrowded conditions (Brenner, 1974) . The following mutant alleles were used: acy-1(ce2) III, III, IV, IV, gsa-1(ce81)I, octr-1(f14d12.6)(ok371)X, nlp-3(tm2302)X, pde-4(ce268) II, ser-5(tm2647)I, ser-5(tm2654)I, npr-17 (c06g4.5)(tm3210) III, c30f12.6 (0k1381), c43c3.2(ok1388)X, npr-9(tm1652)X, gnrr-1(ok238)I, t27d1.3 (ok1626) III, y39a3b.5(tm3082) III, t02e9.3(ok568)V, V, c02h7.2(ok2068)X, c48c5.1(ok1387)X, w05b5.2(tm2974) I, f14f4.1(tm2243) X, t07d10.2(tm2765)I, npr-10(ok1541)X, k10b4.4(ok3502) II, t02e9.1(ok2008) V, f02e8.2(ok2295)X, t11f9.1(ok2284)V, tkr-1(tm1765) III. All strains were obtained from the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN) except, f14f4.1(tm2243) X, nlp-3(tm2302)X, npr-9(tm1652)X, npr-17(tm3210) III, ser-5(tm2647)I, ser-5(tm2654 )I, tkr-1(tm1765) III, t07d10.2(tm2765) I, w05b5.2(tm2974) I and y39a3b.5 (tm3082) III that were purchased from the National Bio-Resources Project (Tokyo Women's Medical University, Tokyo, Japan). rescued animals were kindly provided by Dr. Maureen Barr (Rutgers University, Piscataway, NJ).
Behavioral assays. Assay plates (5 cm NGM plates) were prepared daily and 5-HT or OA (4 mM) were added to NGM liquid media just before pouring. Dilute 1-octanol was prepared daily using 100% ethanol (v/v) (Sulston and Hodgkin, 1988; Bargmann et al., 1993; Chao et al., 2004) . Synchronized fourth-stage larvae (L4) were picked 24 h preassay and assays were performed at 23Ϫ25°C. Octanol avoidance and spontaneous reversal were measured as described previously (Chao et al., 2004; Gray et al., 2005; Wragg et al., 2007; Harris et al., 2009) .
Octanol avoidance. Octanol avoidance was assayed as originally described by Chao et al. (2004) . Briefly, the blunt end of a hair (LoewCornell 9000 Kolinsky 8 paintbrush), taped to a toothpick, was dipped in 30% octanol and the hair placed in front of an animal exhibiting forward sinusoidal locomotion. Time to reverse was recorded and assays were terminated after 20 s, as wild-type animals spontaneously reverse on average every 20 s (Zhao et al., 2003; Chao et al., 2005) . For assays in the absence of food or exogenous 5-HT, well fed young adults (three to five per plate) were first transferred to intermediate nonseeded plates and left for 1 min to prevent any bacteria/media carry over, then transferred to NGM plates and assayed after 10 min. For assays in the presence of food (Escherichia coli OP50) or 5-HT, animals were transferred to plates containing a thin layer of OP50 or 4 mM 5-HT and assayed after 20 and 30 min, respectively. 20 animals were examined per strain assayed per condition. Statistical analysis was performed using mean Ϯ SE and Student's t test.
Spontaneous reversal. The frequency of spontaneous reversal was assayed as described previously (Tsalik and Hobert, 2003; Dernovici et al., 2006) . Well-fed animals were transferred to NGM plates for 30 s, then transferred to assay plates (food) for 1 min and assayed. Reversal frequency was scored as the number of times an animal reversed within 3 min (Pierce-Shimomura et al., 1999) . Data were presented as a mean Ϯ SE (n ϭ 3) and analyzed by two-tailed Student's t test. p values were indicated as follows: "*" p Ͻ 0.001.
Creation of mutants. Animals containing combinations of gf, lf or null alleles were constructed using standard genetic techniques and confirmed by PCR. ser-5(tm2654)I animals were crossed with either egl-30(js126)I, gsa-1(ce81)I or pde-4(ce268)II animals to create egl-30(js126 ) ser-5(tm2654)I (RWK94), gsa-1(ce81) ser-5(tm2654)I (RWK95) and ser-5(tm2654)I;pde-4(ce268)II (RWK96) double mutants. nlp-3(tm2302)X animals were crossed with pde-4(ce268) II, I or gsa-1(ce268)I animals to give pde-4(ce268)II; nlp-3(tm2302)X (RWK97), gsa-1(ce81)I; nlp-3(tm2302)X (RWK104) and egl-30(js126)I; nlp-3(tm2302)X (RWK98) double mutants, respectively. eat-4(ky5)V animals were crossed with ser-5(tm2654)I to create ser-5(tm2654)I; eat-4(ky5)V (RWK101). eat-4(ky5)V animals were also crossed with egl-3(n150)V and nlp-3(tm2302)X to generate eat-4(ky5)V;egl-3(n150)V (RWK102) and eat-4(ky5)V;nlp-3(tm3202)X (RWK103) double mutants, respectively. All mutant animals were screened by PCR with primers flanking the deletions to confirm the crosses. To confirm that the mutant animals were homozygous for the deletion, a second PCR was conducted using the forward primer flanking the deletion and a reverse primer internal for the deletion. Homozygous mutants produced no PCR product in this reaction. All mutant animals were backcrossed with the N2 Bristol strain at least four times before use in assays or crosses. The following strains were backcrossed with N2 Bristol strain before use in the generation of the double mutants, eat-4(ky5)4X (RWK22), egl-3(n150)4X (RWK23), nlp-3(tm2302)4X (RWK24) and ser-5(tm2654)5X (RWK51).
Creation of cell-specific RNAi constructs. Neuron selective/specific RNAi transgenes were constructed as described by Esposito et al. (2007) . (Sense and antisense primers and a list of strains are available in supplemental Table S2 , available at www.jneurosci.org as supplemental material.) For the creation of RNAi transgenes, a neuron-selective promoter (sra-6p for ASH/ASI; gpa-4p for ASI) was fused to exon rich regions of the target gene. Exon rich regions were amplified using a forward and reverse primer to create template A from either cDNA or genomic DNA by PCR-fusion, as previously described (Hobert, 2002) . Neuron-selective promoters were amplified using a forward primer with reverse (sense) or reverse (antisense) primers to create templates B and C, respectively (Esposito et al., 2007) . Templates A and B were then fused using a forward internal promoter primer and a reverse internal target gene primer to create the sense construct (Product D). Templates A and C were fused using the forward internal promoter primer and the forward internal target gene primer to create the antisense construct (Product E). At least 3 products were pooled and sense and antisense transgenes were microinjected at 25-100 ng/l, with 30 ng of myo-3p::gfp or F25B3.3p::gfp. Multiple transgenic lines were examined for each RNAi.
All ASH-selective RNAi strains were generated by expressing RNAi under the control of 3.5 kb of an ASH-selective promoter (sra-6p; Troemel et al., 1995) . ASI-specific RNAi strains were generated by expressing RNAi under the control of 2.8 kb of an ASI-specific promoter ( gpa-4p; Jansen et al., 1999) . Neuron-selective RNAi transgenes were injected into either N2 or mutant animals. ADF, NSM (neurosecretory motorneuron), and AWB-specific RNAi strains were generated by expressing RNAi under the control of srh-142, ceh-2 and str-1 promoters, respectively (Troemel et al., 1997; Sagasti et al., 1999; Aspöck et al., 2003; Mukhopadhyay et al., 2007) .
Generation of RNAi strains by bacterial feeding. RNA interference (RNAi) was performed as described previously using eri-1 (kp3948) animals (Kamath and Ahringer, 2003; Kennedy et al., 2004) . Hermaphrodites and their progeny were grown on NGM plates containing 1 mM ampicillin and 1 mM isopropyl-␤-D-thiogalactopyranosidase (IPTG) and were seeded with HT115 (DE3) bacteria containing the putative recep-tor RNAi vector, appropriate controls were performed. All animals were cultured at 16°C. Synchronized second generation L4 s were picked 24 h preassay and examined for octanol sensitivity as described previously (Chao et al., 2004) . The following RNAi animals were generated through feeding: t07d4.1RNAi, t23c6.5RNAi, r106.2RNAi, f5510.7RNAi, f42c5.2RNAi, zc84RNAi, c50f7.1RNAi, t02d1.6RNAi, y54e2a.1RNAi, y116a8b.5RNAi, k10b4.4RNAi .
Creation of rescue constructs. All rescue constructs were created by overlap fusion PCR or by cloning into pPD95.75 (Mello and Fire, 1995; Hobert, 2002) . All constructs in pPD95.75 were confirmed by sequencing. (A list of strains, including primers used for the generation of rescue constructs, is available in supplemental Table S1 , available at www. jneurosci.org as supplemental material.)
Localization of npr-17p::gfp. Constructs for npr-17::gfp localization were created by an overlap of two PCR products and PCR fusion (Hobert, 2002) . The strain, RWK40N2fvEx15 [npr-17p: :gfp] expresses a transcriptional npr-17::gfp transgene in wild-type animals. To create the npr-17::gfp transcriptional fusion that included 5 kb of promoter sequence, exon 1 and the first intron, primers NPR-17F and NPR-17:GFPtagR were used to amplify npr-17. GFP was amplified from the pPD95.75 vector (GFP F ϩ GFP R), and then fused in frame with the npr-17 product using nested primers (NPR-17 nested forward (F*) and GFP nested reverse (R*). Constructs were pooled from at least three reactions and coinjected with rol-6 plasmid and carrier DNA into gonads of wild-type and null mutant animals by standard techniques. Uptake of 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate (DiD) in living animals was assayed as described previously (Herman and Hedgecock, 1990) . Briefly, a stock solution (1 mM) of DiD (Molecular Probes/Invitrogen Labeling and Detection) was diluted 1:200 in M9 buffer. Animals were incubated in 100 l of diluted DiD for 1 h at RT, transferred to a fresh NGM plate seeded with OP50 and allowed to crawl on the bacterial lawn for 1-2 h to destain and were then placed on agarose pads with 20 mM sodium azide for visualization. At least three transformed lines were analyzed for gfp fluorescence and DiD staining using an Olympus confocal microscope.
Creation of transgenes and strains. To create transgenic rescue or overexpressor animals, full-length or cell-specific transgenes were generated by PCR fusion as described in (Hobert, 2002) . The full-length genomic nlp-3 transgene includes a 3 kb nlp-3 promoter, the nlp-3 open reading frame and 618 bp of the nlp-3 3ЈUTR. The full-length eat-4 genomic transgene includes a 2 kb eat-4 promoter, the eat-4 open reading frame and 1.3 kb of the eat-4 3ЈUTR. The full-length genomic egl-21 transgene includes a 1.3 kb egl-21 promoter, the egl-21 open reading frame and 2.2 kb of the egl-21 3ЈUTR. The full-length npr-17 transgene includes a 5 kb promoter, the npr-17 reading frame and 700 bp of npr-17 3ЈUTR. A full-length genomic ser-5 transgene includes a 5 kb promoter, the ser-5 reading frame and 1 kb of ser-5 3ЈUTR. ASH-selective transgenes express the relevant cDNAs under the control of a 3.5 kb ASH selective promoter (sra-6p; Troemel et al., 1995) . At least 3 products were pooled and microinjected at 1-40 ng/l, with 30 ng of myo-3p::gfp or F25B3.3p::gfp marker and at least 3 transgenic lines were examined (Kramer et al., 1990; Mello and Fire, 1995) .
Derivation of phylogenetic trees. Predicted C. elegans neuropeptide receptors protein sequences were identified by BLAST and downloaded from WORMBASE as described previously for the putative C. elegans monoamine receptors (Smith et al., 2007) . Each sequence was annotated to remove hypervariable regions; specifically the N termini were deleted 5 aa before predicted TM I, the predicted third intracellular loops 10 aa after TMV and before TMVI and the predicted C termini 15 aa after TMVII. Annotated sequences were initially aligned using the ClustalW algorithm within MegAlign (DNAStar) using default parameters (pairwise and multiple gap opening penalty of 10, and gap extension penalties of 0.1 and 0.2, respectively) and finalized using manual adjustment (all alignments available upon request). The statistical reliability of tree branching was assessed using bootstrap analysis (1000 replicates with random seed), and trees were compiled using the Phylogenetic Alignment Utility Program (PAUP, version 10.3). Trees were obtained using an optimality criterion of maximal parsimony and a neighbor-joining search algorithm. Accession numbers of neuropeptide G-protein-coupled receptors (GPCRs) used in the alignment are listed in the legend to supplemental Figure 1 (available at www. jneurosci.org as supplemental material).
Multiple alignment of NPR-17 with closely related peptide receptors (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Related neuropeptide receptors protein sequences were identified by BLAST as described previously for the putative C. elegans monoamine receptors (Smith et al., 2007) . Each sequence was annotated to remove hypervariable regions; specifically the N termini were deleted 5 aa before predicted TM I, the predicted third intracellular loops 10 aa after TMV and before TMVI and the predicted C termini 15 aa after TMVII. Annotated sequences were initially aligned using MegAlign in DNAStar with ClustalW using default parameters and fine tuned by hand.
Results
Both G␣ q (EGL-30) and G␣ s (GSA-1) signaling in the ASH sensory neurons increase aversive responses to dilute octanol The ASH sensory neurons are necessary and sufficient for aversive responses to dilute octanol and the expression of the GPCR, ser-5, in the ASHs is essential for food or 5-HT stimulation of the aversive response (Chao et al., 2004; Harris et al., 2009) . For example, ser-5-null animals do not increase aversive responses in the presence of food or 5-HT, in contrast to wild-type animals, and 5-HT stimulation can be restored by the expression of ser-5 in the ASHs (Fig. 1) (Harris et al., 2009 ). Conversely, wild-type animals overexpressing ser-5 exhibit more rapid responses off food (Fig. 1) . To characterize the signaling pathways involved in the serotonin receptor-5 (SER-5)-mediated modulation of the ASHs, individual G-protein signaling mutants were examined for octanol avoidance, including lf mutants for a PDE4 cAMP phosphodiesterase ( pde-4; Charlie et al., 2006) and gain-of function mutants for G␣ s ( gsa-1gf; Schade et al., 2005) , G␣ q (egl-30gf; Hawasli et al., 2004) and adenylyl cyclase (acy-1gf; Schade et al., 2005) . Animals with increased G␣ q (egl-30gf ) or G␣ s ( gsa-1gf, pde-4 ) signaling exhibited more rapid responses to dilute octanol off food than wild-type animals that mimicked responses observed in the presence of food or 5-HT, suggesting that both signaling pathways might be involved in the food/5-HT sensitization of the ASHs ( Fig. 1; see diagram, Fig. 12 ).
To confirm that these G-protein signaling pathways were stimulating the ASHs directly, ASH-selective RNAi was used to specifically interfere with G-protein signaling (Esposito et al., 2007) . This RNAi approach is reported to yield efficient, heritable, knockdown that does not spread significantly to other neurons, at least in the case of the ASHs (Esposito et al., 2007) . We have confirmed these observations using the ASH-selective promoter, sra-6p. For example, the ASH knockdown of ser-5 or octr-1 abolished the 5-HT stimulation and OA inhibition of aversive responses, respectively, but had no effect on responses off food, suggesting that the octanol-sensing machinery in the ASHs was intact (Fig. 2) . Since the sra-6 promoter also has limited expression in the ASI sensory neurons, an ASI-specific promoter ( gpa-4p) was used as a control to knockdown many of the genes examined in the present study. As predicted, the ASI RNAi knockdown of ser-5 or octr-1 had no effect on aversive responses, confirming that our results were based on knockdown in the ASHs and also that spreading of the RNAi is limited (Fig. 2) .
The ASH-selective RNAi knockdown of G␣ q (egl-30) decreased aversive responses off food and the knockdown of either G␣ q or G␣ s ( gsa-1) abolished 5-HT stimulation (Fig. 2 ). In contrast, the ASH RNAi knockdown of either pde-4, a 5Ј phosphodiesterase (Charlie et al., 2006) or kin-2, a regulatory subunit of the cAMP-dependent protein kinase (Lu et al., 1990) , increased aversive responses off food to levels similar to those observed with 5-HT. Similarly the ASH RNAi knockdown of dgk-1, a diacylglyc-erol (DAG) kinase also increased aversive responses off food to levels similar to those observed with 5-HT, presumably by increasing DAG levels downstream of ASH G␣ q signaling (Miller et al., 1999; Nurrish et al., 1999) . Together these results suggest that that activating either G␣ s or G␣ q signaling sensitized the ASHs (Fig. 2) .
To characterize the role of SER-5 in ASH sensitization, we attempted to increase aversive responses in ser-5-null animals by activating individual G-protein-mediated pathways. Both egl-30gf ser-5 and egl-30gf animals exhibited increased responses compared with ser-5 animals (Figs. 1, 3) . Similarly, the ASH RNAi knockdown of dgk-1 in either wild-type or ser-5 animals also increased aversive responses both off food and in the presence of 5-HT (Figs. 2,  3) . Together, these results suggest that G␣ q (EGL-30)functions downstream or in parallel to ser-5; however, whether SER-5 couples directly to G␣ q and stimulates neurotransmitter release or acts upstream to modulate neuronal excitability remains to be determined. In contrast, gsa-1gf ser-5, ser-5;pde-4 or ser-5 animals with pde-4 knocked down in the ASH by RNAi did not exhibit the elevated aversive responses observed by activating G␣ s signaling in the ASHs of wild-type animals (Fig. 3) . These results suggest that SER-5-dependent G␣ q activation is essential for G␣ s -stimulated increased responses off food.
Octopamine inhibits aversive responses by activating OCTR-1 and G␣ o in the ASHs
OA inhibits food or 5-HT stimulated aversive responses to dilute octanol through the OA receptor, OCTR-1, expressed in the ASHs (Wragg et al., 2007) (Fig. 1) . For example, 5-HT stimulated aversive responses were not inhibited by OA in octr-1-null animals or in wild-type animals with octr-1 knocked down in the ASHs by RNAi (Figs. 1, 2) (Wragg et al., 2007) . OA also inhibited the increased aversive responses observed off food in animals with elevated cAMP levels ( gsa-1gf, acy-1gf, pde-4 ) (Fig. 1) . Similarly, OA inhibited the elevated responses off food observed after the ASH RNAi knockdown of pde-4 (Fig. 2) . In contrast, the ASH RNAi knockdown of G␣ o ( goa-1) abolished the OA inhibition of 5-HT stimulation, but had no effect on responses off food or in the presence of 5-HT, suggesting that OA and OCTR-1 signal through G␣ o in the ASHs to inhibit 5-HT stimulation (Fig. 2) . Presumably, the absence of elevated signaling off food after G␣ o knockdown reflects a paucity of endogenous OA and therefore, limited G␣ o activation.
OA also inhibited increased responses off food in G␣ q (egl30gf ) animals and this OA inhibition appeared to involve signaling in the ASHs, as the OA inhibition of egl-30gf animals was abolished by the ASH RNAi knockdown of octr-1 ( Fig. 1; see Fig.  5 ). G␣ o may decrease signaling in the ASHs by inhibiting adenylyl Figure 1 . Monoamine-mediated G-protein signaling modulates ASH-mediated aversive responses to dilute octanol. Wild-type and G-protein signaling mutants were examined for aversive responses to dilute (30%) octanol in the presence and absence of exogenous 5-HT, OA or 5-HT and OA (4 mM), as described in Materials and Methods. Data are presented as mean Ϯ SE and analyzed by two-tailed Student's t test. *p Ͻ 0.001, significantly different from wild-type animals under identical test conditions. Black, Off food; gray, ϩOA; white, ϩ5-HT; hatched, ϩ5-HTϩOA. Monoamines modulate G-protein signaling in the ASH sensory neurons. Wild-type animals expressing RNAi transgenes were assayed for aversive responses to dilute (30%) octanol in the presence or absence of exogenous 5-HT, OA, or 5-HT and ϩOA (4 mM), as described in Materials and Methods. Data are presented as mean Ϯ SE and analyzed by two-tailed Student's t test. *p Ͻ 0.001, significantly different from wild-type animals under identical test conditions. Black, Off food; gray, ϩOA; white, ϩ5-HT; hatched, ϩ5-HTϩOA. ASH-selective promoter, sra-6p; ASI-selective promoter, gpa-4p.
cyclase. Alternatively, since G␣ o (GOA-1) inhibits G␣ q signaling, the ability of OCTR-1/G␣ o signaling to abolish the G␣ s signaling responses is consistent with our finding that the increased offfood aversive response in mutants with an activated G␣ s pathway requires the SER-5 receptor and G␣ q (Hajdu-Cronin et al., 1999; Miller et al., 1999) (Figs. 2, 3 ). EAT-16 encodes an inhibitory regulator of G-protein signaling (RGS) protein that converts G␣ q from an active GTP-bound to an inactive GDP-bound form and lf mutations in eat-16 animals were identified in a screen for suppressors of activated G␣ o (Hajdu-Cronin et al., 1999) . Interestingly, OA did not inhibit the 5-HT stimulation of aversive responses in eat-16-null animals or in animals with eat-16 knocked down in the ASHs by RNAi (Figs. 1, 2) . The ASH RNAi knockdown of eat-16 had no effect on aversive responses off food or in the presence of 5-HT, as also observed after the ASH RNAi knockdown of G␣ o (Fig. 2) . In contrast, OA did not inhibit the increased responses off food observed after the ASH RNAi knockdown of dgk-1 (Fig. 2) .
These studies suggest that OA and OCTR-1 signal through G␣ o (GOA-1) in the ASHs and may inhibit the 5-HT stimulation of aversive responses by potentially turning off SER-5/G␣ q signaling, which our earlier data show is necessary for the G␣ s response. Interestingly, the OA-mediated inhibition of G␣ q and G␣ s driven ASH signaling appears to be sufficient to abolish food or 5-HT-dependent increases in aversive responses.
Peptides from the ASHs are required for the 5-HT stimulation of aversive responses
As noted above, ASH G␣ s signaling was essential for the 5-HT stimulation of aversive responses. To determine whether G␣ s signaling stimulated DCV/neuropeptide release, the potential role of neuropeptides in the aminergic modulation of ASHmediated aversive responses was examined in egl-3 and egl-21 animals that lack a proprotein convertase and a carboxypeptidase, respectively, that are required for efficient neuropeptide processing (Fig. 4) . Both egl-3 and egl-21 animals exhibit severely deficient peptide profiles (Husson et al., 2006 (Husson et al., , 2007 . Indeed, both egl-3 and egl-21 animals failed to increase aversive responses in the presence of 5-HT, suggesting that peptides are essential for 5-HT stimulation. In contrast, egl-3 and egl-21 animals off food exhibited wild-type responses to dilute octanol, suggesting that their octanol-sensing machinery was intact. Similar phenotypes were observed after the ASH RNAi knockdown of egl-3, confirming a role for egl-3 in the ASHs (Fig. 5) .
The ASHs express at least three neuropeptide genes (nlp-3, nlp-15 and flp-21) that encode at least nine predicted peptides (Nathoo et al., 2001 ). In the presence of exogenous 5-HT, aversive responses to dilute octanol in nlp-15-and flp-21-null animals were identical to those of wild-type animals (data not shown). In contrast, aversive responses were not stimulated by food or 5-HT in nlp-3-null animals (Figs. 4 -6) . Conversely, the overexpression of nlp-3 in wild-type animals from either the native nlp-3 or ASH-selective promoters increased aversive responses off food (Fig. 4) . nlp-3 is expressed in many sensory neurons, including the ADFs, ASEs, ASHs, ASJs, and AWBs (Nathoo et al., 2001 ). However, 5-HT stimulation was fully rescued in nlp-3 animals by the ASH-selective expression of nlp-3 and the ASH-selective RNAi knockdown of nlp-3 abolished food or 5-HT stimulation to levels observed in the nlp-3-null animals (Figs. 4 -6) . Together, these results suggest that the release of peptides encoded by nlp-3 from the ASHs is sufficient to stimulate aversive responses to dilute octanol.
G␣ s (GSA-1) signaling in the ASHs appears to stimulate the release of peptides encoded by nlp-3
The ASH RNAi knockdown of egl-3, in gsa-1gf animals abolished the increased aversive responses observed in these gf mutants off food, suggesting the G␣ s signaling was stimulating peptide release (Fig. 5) . Therefore, to identify the G-protein signaling pathways specifically modulating the release of nlp-3-encoded peptides from the ASHs, additional mutants were created. In agreement with the egl-3 data, gsa-1gf;nlp-3 and pde-4;nlp-3 animals did not exhibit the elevated responses off food observed in gsa-1gf or pde-4 animals (Fig. 5) . Similarly, the ASH RNAi knockdown of pde-4 in nlp-3-null animals also failed to increase responses off food, in contrast to the ASH RNAi knockdown of pde-4 in wild-type animals (Figs. 2, 5) . In contrast, both egl-30gf and egl-30gf;nlp-3 animals exhibited elevated responses off food (Figs. 1, 5) . Similarly, the ASH RNAi knockdown of dgk-1 in either wild-type, egl-3 or nlp-3 animals also stimulated responses off food, suggesting the nlp-3 was not downstream of G␣ q and that G␣ qstimulated increases in glutamate alone might be sufficient to increase ASHmediated signaling (Figs. 2, 5) .
Together, these results suggest that ASH-mediated aversive responses to dilute octanol can be increased by either (1) activating G␣ q signaling by the overexpression or activation of SER-5/EGL-30 or the inhibition of diacylglycerol kinase-1 or (2) activating G␣ s signaling and peptide release through the activation GSA-1/ACY-1, the inhibition of PDE-4 or the overexpression of peptides encoded by nlp-3.
Serotonin stimulates aversive responses when glutamatergic signaling in the ASHs is compromised through a pathway requiring peptides encoded by nlp-3
To confirm the stimulatory role of nlp-3-encoded peptides on ASH-mediated aversive responses, eat-4-null animals that lack a vesicular glutamate transporter essential for glutamatergic transmission were examined (Lee et al., 1999) . Not surprisingly, eat-4 animals or wild-type animals with eat-4 knocked down by RNAi in the glutamatergic ASHs responded very poorly (Ͼ 18 and 16 s, respectively), if at all, to dilute octanol, since these assays were terminated after 20 s to minimize complications introduced by spontaneous reversal (Fig. 7) . However, aversive responses in eat-4 animals or animals with eat-4 knocked down in the ASHs by RNAi were still dramatically stimulated by 5-HT (Fig. 7) . In contrast, aversive responses in eat-4;egl-3, eat-4;nlp-3 animals, or eat-4-null animals with nlp-3 knocked down in the ASHs by RNAi were not stimulated by 5-HT, suggesting that 5-HT was stimulating aversive responses by stimulating the release of nlp-3-encoded peptides in the eat-4 animals (Fig. 7) . This apparent 5-HT stimulation of peptide release was unanticipated, given that SER-5 appears to signal through a pathway requiring G␣ q and peptide release appears to be dependent on G␣ s (Figs. 1, 2) . Interestingly, the knockdown of either G␣ s , G␣ q or UNC-13 in eat-4 animals abolished 5-HT stimulation (Fig. 7) .
Together, these results demonstrate that (1) in the absence of the ASH EAT-4 vesicular glutamate transporter, animals respond very poorly to dilute octanol, supporting a role for EAT-4 as the major ASH glutamate transporter, (2) aversive responses in eat-4 animals are still stimulated by 5-HT, while aversive responses in eat-4;nlp-3 or eat-4 animals with nlp-3 knocked down in the ASHs are not, further supporting a role for nlp-3 in 5-HT stimulation and (3) in the absence of significant glutamatergic signaling both ASH G␣ s and G␣ q signaling are essential for 5-HT stimulation.
Peptides encoded by nlp-3 activate NPR-17 to increase aversive responses G-protein coupled receptors (GPCRs) potentially activated by nlp-3-encoded peptides were identified by screening predicted peptide receptor-null mutants for phenotypes identical to those observed in nlp-3 animals. The C. elegans genome contains Ͼ50 genes that encode putative peptide GPCRs and some of these genes have been identified previously based on potential homology to mammalian peptide receptors. For example, putative NPY-like receptors have been identified using this approach (Cohen et al., 2009 ). We used a bioinformatics approach to identify predicted neuropeptide receptors (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). This analysis used predicted sequences from truncated receptors lacking potential hypervariable regions, including most of the predicted N and C termini and third intracellular loops; an approach used previously to identify C. elegans monoamine receptors (Smith et Figure 5 . The release of peptides encoded by nlp-3 is essential for G␣ s stimulation of aversive responses mediated by the ASH sensory neurons. Animals were examined for aversive responses to dilute octanol (30%) in the absence of food or exogenous 5-HT (4 mM), as described in Materials and Methods. Data are presented as mean Ϯ SE and analyzed by two-tailed Student's t test. *p Ͻ 0.001, significantly different from wild-type animals under identical test conditions. Black, Off food; white, ϩ5-HT; gray, ϩOA. ASH-selective promoter, sra-6p. Figure 6 . The RNAi knockdown of nlp-3 in the ASHs abolishes the food stimulation of aversive responses to dilute octanol. Aversive responses to dilute octanol were examined in wildtype animals in the presence of E. coli (OP50) after the promoter-selective RNAi knockdown of nlp-3 (ASHs, NSMs, ADFs, AWBs, . Data are presented as mean Ϯ SE and analyzed by two-tailed Student's t test. *p Ͻ 0.001, significantly different from wild-type animals under identical test conditions. Gray, ϩFood. al., 2007) . Indeed, most of the NPY-like receptors identified previously clustered using this approach (NPR-1-14; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Initially, animals with mutations in non-NPY-like receptors were assayed for 5-HT-dependent increases in aversive responses. Putative null alleles were available for many of these receptors; others were examined using RNAi in an eri-1-null background that is more sensitive to neuronal RNAi knockdown (Kennedy et al., 2004) (Fig. 8) . eri-1 animals exhibited wild-type responses to dilute octanol (Fig. 8) . Eight predicted receptor-null mutants that did not increase aversive responses to dilute octanol in the presence of 5-HT were identified using this approach t02e9.1, t02e9.3, t11f9.1, f02e8.2, t07d10.2, and k10b4.4; Figs. 8, 9) . This relatively large number of receptors might be expected, as nlp-3 encodes multiple peptides that may activate distinct receptors. For example, peptides encoded by flp-18 activate multiple GPCRs (Cohen et al., 2009 ). In addition, we have identified other peptideencoding genes that contribute to 5-HT sensitization (data not shown). To identify the specific GPCR(s) activated by nlp-3 peptides, nlp-3 was overexpressed in the receptor-null animals that were not stimulated by 5-HT. Of these seven mutants, only npr-17(c06g4.5)-null animals failed to increase aversive responses off food after nlp-3 overexpression (Fig. 9) . As predicted, the expression of npr-17 (npr-17p::npr-17 ) in npr-17-null animals rescued 5-HT stimulation (Fig. 9) . In addition, the overexpression of npr-17 in wild-type animals increased aversive responses off food, as observed above for nlp-3 overexpression, and this increased response off food was absent when npr-17 was overexpressed in nlp-3-null animals (Fig. 9) . NPR-17 is most closely related to a predicted Brugia malayi ORL1-like opioid receptor (68% identity; E value 4 ϫ 10 Ϫ138 ) and two other C. elegans predicted peptide receptors, C43C3.2 (34%; 4 ϫ 10 Ϫ62 ) and T02D1.6 (37%; 3 ϫ 10 Ϫ59 ; supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). In addition, NPR-17 exhibits significant identity to a mammalian somatostatinlike receptor (28%; 6 ϫ 10
Ϫ21
) and melanocyte-concentrating hormone receptor 1 (26%; 2 ϫ 10 Ϫ17 , supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). npr-17 appears to be expressed in the AVG, faintly in the ASIs and at least one additional pair of unidentified neurons in the head and the PVPs, PVQs, and PQR in the tail, based on fluorescence from an npr-17p::gfp transgene (Fig. 10) .
To confirm that NLP-3 (neuropeptide-like) signaling was mediated by NPR-17, other nlp-3-null phenotypes were examined in the npr-17-null animals. For example, both nlp-3-and npr-17-null animals spontaneously reversed significantly less frequently immediately off food than wild-type animals (Fig. 11) . Similarly, both nlp-3-and npr-17-null animals were hypersensitive to the OA inhibition of aversive responses to 100% octanol and the expression of nlp-3 abolished OA inhibition in wild-type, but not npr-17-null animals (Fig. 11) . Together, these results suggest that NPR-17 is activated by nlp-3-encoded peptides.
Discussion
Behavioral state in C. elegans is dependent on food availability and is defined by the selective release of both monoamines and peptides. For example, 5-HT/OA ratios define nutritional status and antagonistically modulate most key behaviors (Horvitz et al., 1982; Alkema et al., 2005; Wragg et al., 2007) . The present studies demonstrate that 5-HT and OA also antagonistically modulate aversive behaviors mediated by the ASHs and that release of nlp-3 peptides from the ASHs is essential for the 5-HT stimulation of aversive responses. Both G␣ q and G␣ s signaling in the ASHs are essential for 5-HT sensitization, with G␣ s signaling specifically stimulating neuropeptide release (Fig. 12) . The role of G-protein signaling in modulating aversive responses in the ASHs is consistent with that predicted for neurotransmitter release from C. elegans motorneurons (Perez-Mansilla and Nurrish, 2009). For example, the G␣ s pathway also exerts its effects on locomotion in a G␣ q pathway-dependent manner . How- ever, whether these G-protein signaling cascades directly modulate glutamate and/or neuropeptide release remains to be determined. For example, ASH signaling requires the activity of an OSM-9/OCR-2 TRPV ion channel in the sensory cilia and in other systems G␣ q signaling is involved in TRPV activation (for review, see Colbert et al., 1997; Montel, 2005; Bergamsco and Bazzicalupo, 2006) . Similarly, gap junctions are also modulated by monoaminergic signaling (Rorig and Sutor, 1996; Bloomfield and Völgyi, 2009; Kothmann et al., 2009 ). The ASHs offer advantages over motorneurons for studies of G-protein signaling and behavioral plasticity. For example, ASH postsynaptic partners are . nlp-3-and npr-17-null animals exhibit identical phenotypes. Wild-type and mutant animals were examined for aversive responses to 100% octanol in the presence and absence of OA (4 mM) and spontaneous reversal immediately off food. Data are presented as mean Ϯ SE and analyzed by two-tailed Student's t test. *p Ͻ 0.001, significantly different from wild-type animals under identical test conditions. neurons, not muscles, Ca 2ϩ dynamics are modulated directly by sensory cues (White et al., 1986; Hilliard et al., 2005) , modulatory peptides and monoamine/peptide receptors have been identified, and the ASHs are amenable to RNAi permitting the selective manipulation of ASH signaling directly. In contrast, we have observed off target effects using this RNAi approach in cholinergic motorneurons, probably, in part, because of the large number of motorneurons expressing the dsRNAs.
G-protein signaling in the ASHs modulates aversive responses
Activating either G␣ q or G␣ s signaling in the ASHs increases aversive responses. In contrast, inhibition of either G␣ q or G␣ s signaling in the ASHs abolishes 5-HT stimulation. These results suggest that 5-HT stimulation requires both G␣ q and G␣ s signaling, but that the activation of either pathway is sufficient to increase aversive responses, as long as basal levels of signaling in the other pathway are maintained. The receptor activating G␣ s in the ASHs has not been identified, but does not appear to be SER-5. For example, gsa-1gf ser-5 or ser-5;pde-4 mutants or ser-5 animals with pde-4 knocked-down in the ASHs are not stimulated by 5-HT and do not exhibit the elevated responses off food observed in gsa-1gf or pde-4 animals, suggesting that G␣ s does not function downstream of SER-5. In contrast, the ASH RNAi knockdown of ser-5 has no effect on the increased aversive responses off food associated with increased G␣ q signaling, suggesting that G␣ q functions downstream of SER-5; whether SER-5 couples directly to G␣ q remains to be determined.
OA inhibits the food/5-HT stimulation of aversive responses through OCTR-1 (F14D12.6) expressed in the ASHs (Wragg et al., 2007) . OA also inhibits increased responses off food associated with increased G␣ s signaling and the ASH RNAi knockdown of either octr-1 or G␣ o abolishes the OA inhibition of food/5-HTdependent stimulation, suggesting that OCTR-1 activates G␣ o . OA and G␣ o may inhibit ASH signaling by negatively regulating adenylyl cyclase and/or inhibiting G␣ q , perhaps through the RGS protein, EAT-16, as OA did not inhibit the 5-HT stimulation of aversive responses in eat-16-null animals or animals with eat-16 knocked down in the ASHs. Clearly, G␣ o inhibits G␣ q signaling in C. elegans, but the specifics of G␣ o inhibition are unclear (Hajdu-Cronin et al., 1999; Miller et al., 1999 Neuropeptides encoded by nlp-3 activate NPR-17 and are essential for 5-HT stimulation Neuropeptides are often colocalized with classical neurotransmitters, with peptides released often to increase stimulation. nlp-3p::gfp is expressed in the ADF, NSMR and HSN serotonergic neurons, as well as many sensory neurons, suggesting that peptides encoded by nlp-3 are released as cotransmitters with 5-HT from the serotonergic neurons and glutamate from the sensory neurons (Nathoo et al., 2001) . However, the release of nlp-3 peptides from the ASHs alone appears to be sufficient to stimulate ASH-mediated aversive responses. nlp-3 encodes three predicted peptides that were preliminarily grouped with crustacean orkokinins. However, orkokinins require a C-terminal GFxGF motif for activity that is absent in NLP-3 peptides (Nathoo et al., 2001 ). Attempts to heterologously express NPR-17 have been unsuccessful, but extensive genetic analyses is entirely consistent with NPR-17 being a receptor for NLP-3 peptides. For example, both nlp-3-and npr-17-null animals (1) fail to increase aversive responses on 5-HT, (2) are more sensitive to OA inhibition at elevated octanol concentrations, and (3) exhibit identical reversal phenotypes off food. In addition, wild-type animals overexpressing either nlp-3 or npr-17 exhibit more rapid responses off food than wild-type animals that are absent when nlp-3 or npr-17 are overexpressed in npr-17-or nlp-3-null animals, respectively.
ASH signaling can be operationally divided into three overlapping circuits that (1) stimulate backward locomotion via AVA/AVD command interneurons, (2) inhibit forward locomotion via AVB command interneurons and a second pathway innervating the RIMs via the AIA/AIB interneurons and (3) sensitize head muscle through the ring interneurons (RIAs) (Harris et al., 2009) . A different 5-HT receptor is essential in each branch for food or 5-HT stimulation; SER-5 in the ASHs, MOD-1 in the AIBs and SER-1 in the RIAs (Harris et al., 2009) . Clearly, the release of nlp-3-encoded peptides are also essential for 5-HT stimulation and the localization of their putative receptor, NPR-17, will be critical for understanding the role of peptidergic signaling in monoaminergic modulation. For example, 5-HT and/or NPR-17 receptors could modulate postsynaptic glutamate receptors, neuronal excitability, gap junctions and/or presynaptic neurotransmitter release. G␣ s signaling stimulates the release of peptides encoded by nlp-3 from the ASHs Neurotransmitters are secreted from synaptic vesicles (SVs) that contain classical neurotransmitters, such as glutamate, and dense core vesicles (DCVs) that contain neuropeptides that activate GPCRs to modulate the sensitivity of both presynaptic and postsynaptic neurons. Although factors regulating exocytosis from SVs and DCVs are similar, the DAG-binding proteins, UNC-13 (MUNC-13-1) and UNC-31 (CAPS) play selective roles in exocytosis from SVs and DCVs, respectively, with UNC-31 involved in the docking of fusion-competent DCVs (Gracheva et al., 2007; Hammarlund et al., 2007; Speese et al., 2007; Zhou et al., 2007) . G␣ s signaling and protein kinase A (PKA) activation enhance exocytosis from DCVs. For example, in C. elegans, PKA activation rescues the uncoordinated phenotype of unc-31 mutants, bypasses the requirement for UNC-31 in the docking of DCVs, and directly stimulates DCV exocytosis (Charlie et al., 2006; Zhou et al., 2007) .
Our data suggest that activating G␣ s signaling in the ASHs stimulates peptide release that, in turn, increases ASH-mediated aversive responses. For example, (1) the more rapid responses off food associated with increased G␣ s signaling are absent in gsa-1gf; nlp-3 or pde-4;nlp-3 animals, (2) the ASH RNAi knockdown of pde-4 fails to increase responses off food in nlp-3 animals, and (3) the ASH RNAi knockdown of nlp-3 in pde-4 animals abolishes increased responses observed in pde-4 animals off food. These data suggest that G␣ s -dependent sensitization of the ASHs requires the release of peptides encoded by nlp-3. In contrast, the increased aversive responses associated with increased G␣ q signaling off food did not require nlp-3, suggesting that DCV exocytosis in the ASHs may not be essential for G␣ q -mediated stimulation. For example, the ASH RNAi knockdown of nlp-3 had no effect on the increased responses off food in egl-30gf animals and the ASH RNAi knockdown of dgk-1 increased responses off food in both wild-type and nlp-3-null animals. Presumably, G␣ q signaling increases the UNC-13-dependent release of glutamate from SVs.
Together, these studies demonstrate that 5-HT and OA antagonistically modulate the ASH sensory neurons and that the G␣ sdependent release of NLP-3-encoded peptides from the ASH is essential for 5-HT stimulation.
